The application of comminution technology such as the High-pressure grinding rolls (HPGR), which is able to generate a high density of cracks in the ore particles, is favourable for leaching processes. Extraction of metallic values by the heap leach process, can take place on the particles with partial exposure of mineral grains, if it can provide sufficient surface front for chemical attack by leaching solution. The aim of this study was to assess the benefits of high crack density in the ore particles produced using the HPGR and how it could diminish due to inadequate percolation of the leaching agent.
INTRODUCTION
Heap leaching from low-grade ores has become a major contributor to the total global extraction of economically important metals, notably copper, gold, silver, and uranium (Petersen and Dixon, 2007) .
Crushed or run-of-mine ore (ROM) is piled on an impermeable pad and leaching reagents are introduced by irrigation from the top. The desired mineral is extracted and the solution becomes increasingly loaded as it percolates through the pile. Leaching may be facilitated by microorganisms resident within the ore bed. The pregnant leach solution (PLS) is collected by a drainage system at the base of the pile and channelled to the PLS pond. The PLS is then pumped to the processing facility where the valuable metal is recovered. The ''barsren'' leach solution is pumped to the barsren solution pond from where, after solution make-up, it is reapplied to the surface of the heap (Watling, 2006) .
Heap and dump leaching offer a number of advantages embracing simple equipment, low investment and operation cost (Acevedo, 2002) . In the immediate future, heap leaching is likely to be a major area of expansion (Pradhan et al., 2008) . If operated correctly, heap leaching offers economic recovery of resources that would be too marginal for other process routes, such as concentration followed by smelting or autoclaving (Petersen and Dixon, 2007) .
The ore granular media used for heap leaching are the porous media packed by ore particles with different sizes, whose permeability is one of the critical parameters influencing the recovery ratio and leaching rate of valuable metals. However, during the leaching process, due to the physical, chemical and biologic reactions in ore, granular media under the role of solution could affect permeability. Therefore, the pore structure continues to evolve and has temporal and spatial variability. The permeability has close relationship with pore structure of ore granular media, therefore it also evolves continuously. For the insitu leaching heaps, recovery ratio and leaching rate decrease year after year. Yang et al., (2008) suggested that this could be due to the permeability evolvement. Due to larger ore particle sizes encountered in heap leaching, diffusion within the solution filled rock pores always affect extraction rates (Barstlett, 1992; Padilla et al., 2008; Liddell, 2005 , Velardo et al., 2002 , Vegliò et al., 2001 . The mineral grains can be classified according to their accessibility to leach solutions, into different classes (Ghorbani et al., 2011a) . The special mineral grain distribution and their accessibility to leach solutions by cracks and pores, plays key role in the rate of extraction. In leaching operations, the creation of fissures and cracks along the mineral ore boundaries and in the minerals allow for access and percolation of leaching fluids. This tends to enhance the recovery of the valuables.
Ore preparation
A bulk sample of sphalerite ore was obtained from the Gamsberg Zinc mine in the Northern Cape Province, South Africa. The sample, after primary crushing by jaw crusher, was split and prepared into 250 kg bags for further crushing by either HPGR or cone Crusher at Mintek in South Africa. HPGR test work was conducted using a Köppern unit equipped with 1 m diameter rolls and 0.25 m width that was fully instrumented to control and record hydraulic and nitrogen pressures and throughput. The unit was fitted with profiled Hexadur rolls. The top feed size to the unit was 40 mm and it was operated at three different pressures (45, 95 and 120 bars). The same top size was fed to the cone crusher and comminuted down to -25 mm.
Products from the cone crusher and HPGR were then screened into five fractions (+23/-25, +16/-23, +14/-16, +6.75/-14, +5.25/-6.75 mm). In this study, subsamples from the following size fractions in the products were subjected to a suite of analysis to study the effect of crack density on the leaching process: (+23/-25, +14/-16, +5.25/-6.75 mm). The overview of the sample preparation used for this study is summarised in 
Sample analysis
3D-dimensional crack distribution in large particles was characterized before and during the leaching process, using the high-resolution X-ray CT system. An HMXST CT scanner at X-Sight X-ray Services in Stellenbosch, South Africa, with 225 kV X-ray source, 3 µm resolution reflection target, and interchangeable Nano-tech 1 µm transmission target was used. Further details of the X-ray CT specifications are given in Table 1 .
Prior to the use of the X-ray CT for investigating the 3-D features of the sphalerite particles, some calibration was needed in order to be able to identify the optimal measurement settings to differentiate between different phases which included the cracks and the various minerals present in the ore particles,
given that there is some overlap in the grey level brightness. In practice, density measurement from X-ray tomography data can be obtained either by calibrating the CT machine with objects of known density and obtaining a correlation that relates density with the attenuation coefficient, or by using a dual energy scanning to determine directly the density of the material. In this study, a dual energy scanning method was used for calibration (Ghorbani et al., 2011c) , as it allows one to determine both the density and the effective atomic number of the object of interest separately. Thus, the sensitivity of the analysis is significantly increased. Following the reconstruction of the acquired X-ray CT data, the ore particles were analysed using the VGStudio Max 2.1 image analysis software (Volume Graphics GmbH located at Heidelberg, Germany). The results are validated with those obtained using traditional techniques such as physical gas (with N2)
adsorption, mercury intrusion porosimetry, SEM and QEMSCAN (Ghorbani et al., 2011b, c) .
Leach experiments
The aim of these experiments was to compare the effect of comminution devices and breakage mode on metal extraction recovery. The ore samples subjected to leaching tests were comminuted using the HPGR and cone crusher. The details of samples are presented in Table 2 . After initial characterization of the ore samples, they were packed into leach reactors ( 
RESULTS AND DISCUSSION
In this section, the effect of comminution devices on crack density, particle size and leaching process has been described and discussed.
Effect of comminution device on crack network
It was shown by Ghorbani and co-workers (Ghorbani et al., 2011b, c) , that particles comminuted using the HPGR results in formation of micro-cracks in the ore material, especially when compared to the material prepared by the cone crusher. Particle characterisation consistently identified the prevalence of the microcracks and higher porosity for particles prepared by the HPGR, which employs compression breakage as dominant breakage mechanism when compared to those, comminuted using the cone crusher.
The HPGR tests were performed at three different pressure settings of 45, 95 and 120 bars, which correspond to the specific grinding forces of 1.42, 3.00 and 3.79 (N/mm2) respectively (Table 3) . The results of the X-ray CT appeared to indicate that more micro-cracks were present in the products obtained from the HPGR operated at the pressure setting of 95 bars. This suggests that for the HPGR device used in this work, the best pressure setting to produce particles with more micro-cracks is around 95 bars. Further increase in pressure did not appear to give a finer product or more micro-cracks, which are favourable for heap leaching (Ghorbani et al., 2011b, c) . The specific energy associated with the three pressure settings used in the experiments is given in Table 3 . As Table 4 shows HPGR required the lowest specific energy consumption and achieved a reduction of 28 % over the cone crusher. It should be note that the difference in the products (p80) compared to the feed (f80) Was used to calculate 28 % more size reduction in the HPGR crushed particles compared to the cone crushed particles. Calculation of the cone crusher energy requirements was based on the Bond work index at a sieve size of 150 μm. This coarser screen size provides a lower estimate for the energy requirements of a cone crusher. Figure 3 shows particle size distribution (PSD) of the products from the HPGR and cone crusher tests. It can be seen that HPGR products from the three pressure settings were finer than the cone crusher product.
As discussed in introduction, in the HPGR the particles are broken by compression in a packed particle bed; this compression is achieved by applying high pressure, which was allowed to reach 120 bars in this study, exceeding the compression strength of the feed material. During this compacting process, the material is ground to a wide particle size distribution with a large proportion of fines, compacted into flakes. Although a finer product size distribution is expected as the pressure increases, the finest product in this work was obtained when HPGR was operated the pressure setting of 95 bars which corresponded to the specific grinding force of 3.00 (N/mm 2 ). The compressive force not only acts on the coarse end of the particle size distribution (PSD), but throughout the particle bed on both coarse and fine particles, including the fine particles derived from the initially coarser fractions (Schneider et al., 2009, Apling and Bwalya, 1997; Klymowsky et al., 2002) . 
Advantage of micro-cracks on heap leaching process
The implications of the high crack density, is that the large sphalerite-bearing particles prepared by the HPGR are likely to be more suitable to leaching, since the presence of these micro-cracks provides an additional surface-front of valuable mineral grains for chemical attack by the leaching solution. Figure 4 shows an image of the cross-section of one of the labelled large sphalerite ore particles comminuted using HPGR at 95bars with the vein shape of the grain exposed to the leach solutions via pores or cracks. Accessibility to leach solutions by cracks accelerates the dissolution of the mineral grains, although they are inside the ore particle. Figure 5 and Figure 6 show the crack network for particles comminuted by the HPGR and cone crusher respectively. The crack network in the particles comminuted by the HPGR appeared to increase during the leaching process ( Figure 5 ). This accelerates reagent diffusion into the particles resulting in more metal extraction. However, no significant change was observed in the crack network for the particles comminuted using the cone crusher (Figure 6 ). High crack density within the ore particles provides higher prevalence of attachment sites for microorganisms, which would provide for regeneration of ferrous to ferric iron as leach reagent closer to the mineral surface (Rodríguez et al., 2003) . Initial microbial activity on the surfaces of the sulphide minerals occurs mostly along former cracks, fractures, lineation, grain boundaries, and zone contacts, contacts between different generations or compositions, etc. (Africa et al. 2010 , Ghorbani et al., 2011d . Mechanical imperfections are deviations in the sulphide crystal structures to which microorganisms become preferentially attached. Such defects usually contain high amounts of strain energy, which when released could be of use to the microorganisms during the oxidation process. The rate of oxidation is expected therefore to be higher at sites of defects containing such strain energy (Tromans and Meech, 2002, Ubaldini et al., 1997) . 
Effect of HPGR product on percolation of heap leaching
In this study, similar size fractions for the ore were selected from the products of the material comminuted using the HPGR and cone crusher and subjected to leaching tests. Differences in particle porosity and crack network distribution will almost certainly have an influence on the efficiency of the leaching process. Figure   7 compares the percentage of zinc extraction over 11 months of leaching from ore comminuted by HPGR 14 and cone crusher. This confirms that the leachability of the ores was better for products prepared using the HPGR compared to those from the cone crusher. Figure 8 shows higher metal extraction for particles prepared using the HPGR operated at the pressure setting of 95 bars compared to the 45 bars and 120 bars pressure settings. This indicates that there is an optimum operating pressure where the metal extraction rates are higher.
The micro-fracturing observed in the feed prepared using the HPGR could be the major reason for difference in the zinc extraction in each of the size fractions evaluated. The results obtained in this work
showed that a 10 to 15% additional zinc leach extraction is possible (Figure 7 ). The HPGR products for at all pressure settings were finer than that of the cone crusher (Figure 3 ). It is known that the presence of excess fines in heap leaching operations may cause low recovery due to reduced heap permeability and/or channelling of lixiviant flow. These problems are mitigated to some extent by agglomeration pre-treatment prior to heap leaching (Kodali et al., 2011; Yang et al., 2008) . In this work, the feed material to the leach reactors had the same selection of the sieve ranges for both the HPGR and cone crusher tests. Eight reactors were prepared and fed with particles in specific size classes produced using either the HPGR or the cone crusher given in Table 2 Although the reactors were fed with specific size fractions, the residue had a size distribution containing even some fines. Results presented in the Figures 9-11 show that the residues from the reactors leaching the material prepared using the HPGR product contained more fine particles than the reactors, which were fed by cone crusher product. Table 5 shows that these differences were in order of 10.3% in large size fraction, 1.7% in the medium size fraction and 5.2 % in the small size fraction. High fine particle fraction in the residue of the leach reactors related to the particles comminuted by HPGR could be due to the active crack network growth observed during the leaching. Since the surface of ore particles and their inner micro pores or cracks are damaged after reacting with sulfuric acid, some fine particles would be produced. The initial crack network in the particles comminuted by HPGR increases during the leaching process, which splits each single particles to two or more new ore particles and produces a particles size distribution different to the initial reactor feed. particles and deposited at local areas and an extremely small amount of fine particles are transported out of the reactor by the solution (Kodali et al., 2011 , Yang et al., 2008 . Since in this study the solution reagent was introduced to the leach reactors from the bottom and there were basket frames at different level inside the leach reactors (Ghorbani et al., 2011d) , there was no fine particles transportation out of the reactor. Thus, the ore particles size would have been redistributed in different levels of leach reactors.
The most fundamentally important aspect of heap leaching is permeability of the leach and even percolation of the lixivant solution throughout all the ore. Excessive amounts of the fines generated during the leaching process mostly with the product of HPGR, and their mobilization would result in reduced permeability as the leaching process progresses, which could have a negative effect on percolation especially over long periods of heap leaching operation. It would also prevent a uniform flow of the solution through the heaps.
CONCLUSION
In this study, X-ray CT has been used for investigation of the particles with high crack density produced by HPGR and the results were compared with those particles prepared using cone crusher.
The particle size distribution (PSD) of HPGR products from the three pressure settings were finer than the cone crusher product. It was observed that the specific grinding force was measured from 1.42 to 3.79 (N/mm2), Although a finer product size distribution is expected as the pressure increases, the finest product in this work was obtained when HPGR was operated at the pressure setting of 95 bars which corresponded to the specific grinding force of 3.00 (N/mm2).
The crack network in the particles comminuted by the HPGR appeared to increase during the leaching process. This accelerates reagent diffusion into the particles resulting in more metal extraction. However, no significant change was observed in the crack network for the particles comminuted using the cone crusher.
The micro-fracturing observed in the feed prepared using the HPGR could be the major reason for the differences in the zinc extraction in each of the size fractions evaluated. The results obtained in this work
showed that 10 to 15% additional zinc leach extraction is possible.
Metal extraction for particles prepared using the HPGR operated at the pressure setting of 95 bars was higher than those comminuted with the HPGR at the pressure of 45 bars and 120 bars. This is an indication that there is an optimum operating pressure for the HPGR where the metal extraction rates are higher.
Evaluation of the leach reactors residue indicated significant changes in the PSD compared to the feed. The residues from the reactors leaching the material prepared using the HPGR product contained more fine particles than the reactors, which were fed by cone crusher product. These differences were in the order of 10.3% in large size fraction, 1.7% in the medium size fraction and 5.2% in the small size fraction. If excessive amounts of fines are generated during the leaching process, permeability is reduced as the leaching process progresses, which could have a negative effect on percolation especially over long periods of heap leaching operation. It would also prevent a uniform flow of the solution through the heaps.
